A mirror that reflects light fully and yet is transparent appears paradoxical. Current so-called transparent or 'one-way' mirrors are not perfectly reflective and thus can be distinguished from a standard mirror. Constructing a transparent 'perfect' mirror has profound implications for security, privacy, and camouflage. However, such a hypothetical device cannot be implemented in a passive structure. We demonstrate here a transparent perfect mirror in a non-Hermitian configuration: an active optical cavity where a certain pre-lasing gain extinguishes Poynting's vector at the device entrance.
Schematic of an active cavity model formed of mirrors M 1 and M 2 with reflectivity R 1 and R 2 , respectively, sandwiching a layer of thickness L providing single-pass net-amplification G. (e) The forward and backward waves I f (z) and I b (z), respectively, along the planar cavity assuming R 1 = R 2 = 0.3, L = 1.4 mm and the refractive index is 3.4. The single-pass net-amplification G increases from one panel to the next; from left to right: lossless cavity G = 0 dB, G = 2.3 dB, Poynting's threshold G = G P ≈ 2. dB, G = 2.85 dB, G = 3.05 dB preceding lasing. Poynting's vector is extinguished at the cavity entrance when since. (f) Spectral reflection from the cavity for the values of G in (e). At the transparent-perfectmirror condition is satisfied and, signifying spectrally flat unity-reflectivity.
Light transmits through a transparent window pane, whereas a perfect mirror reflects light completely. Combining the two functions in the same device -a so-called 'one-way' or 'see-through' mirror 1,2 -can be useful in a variety of applications, such as secure surveillance, advertising, displays, and more recently in augmented reality devices and wearable technology. 3, 4 A 'transparent mirror' was proposed as early as 1903 that consists of a glass sheet provided with a partially reflective coating. 1 This device, however, is neither a perfect mirror nor transparent, but it can approximate the intended function when the ambient illumination on its two sides is different. This is commonly experienced when one looks through a window in a well-lit room at night. Viewed from the indoor bright-lit side, partial reflection from the window overwhelms the darkness outside and thus gives the impression of strong reflectivity, while appearing transparent from the dark outside. Therefore, any realization of a so-called transparent mirror is readily uncovered by monitoring the lack of complete reflection of an optical probe [ Fig. 1(a) ]. The transparent-mirror principle has undergone no fundamental change in the century since its inception.
We pose the following question: can one construct a 'transparent perfect mirror' ? This is a mirror that reflects light completely and is indistinguishable from a perfect reflector and yet transmits light. A passive implementation of this hypothetical device would involve a violation of energy conservation, which necessitates employing instead a non-Hermitian (non-conservative) arrangement; specifically, one provided with optical gain. 5 The sum of transmittance and reflectance from such a structure may indeed exceed unity, thereby supplying the energy deficit that allows for finite transmission of incident light while maintaining unity-reflectivity. Nevertheless, simply adding gain does not guarantee perfect reflection.
Rather, gain must be added in such a way as to provide no signatures of the underlying structure employed, and present instead spectrally flat unity-reflectivity.
Recent developments have demonstrated that non-Hermitian photonic structures -in which optical gain and loss are judiciously distributed 6 -can indeed expand the range of realized optical functionalities in photonic devices when compared to their Hermitian counterparts. Examples of such novel capabilities include single-mode micro-ring lasers 7, 8 that make use of the exceptional points 9-12 exhibited by systems satisfying parity-time- while light is nevertheless transmitted and is indeed amplified on resonance [ Fig. 1(c) ]. We demonstrate this physical effect here with coherent and incoherent light using active cavities in two configurations: a compact on-chip system and an all-optical-fiber system, and confirm that the cavity reflection resonances all vanish once Poynting's threshold is reached, 100% reflectivity is achieved continuously across the gain spectrum, and amplified transmission is simultaneously observed.
We describe the concept of a transparent perfect mirror in the context of the nonHermitian planar-cavity model illustrated in Fig. 1(d) , consisting of an active layer of thickness L with net single-pass power amplification G sandwiched between mirrors M 1 and M 2 of reflectivity R 1 and R 2 , respectively, and an optical probe is incident on M 1 from the left.
Here, G > 1 (0 dB) corresponds to a net-gain condition. The physical significance of Poynting's threshold can be understood by comparing it to the lasing threshold of the same cavity.
The amplification required for lasing is G L = 1/ √ R 1 R 2 , whereupon gain compensates for leakage from both cavity mirrors. 18 Poynting's threshold, on the other hand, occurs at the
, which suffices to compensate for leakage from only the back (exit) mirror and thus is a condition that always precedes lasing. 17 Poynting's vector along the cavity is P(z) ≈ {I f (z) − I b (z)}ẑ, whereẑ is a unit vector in the positive z direction, and I f (z) and I b (z) are the intensities of the forward and backward propagating waves, respectively, with
2 . (We have neglected a weak interference term contributing to P(z) that is mediated by the complex refractive index of the gain medium. 17, 19, 20 ) Here G(z) is the amplification experienced after traveling a distance z from
It is clear that
that is independent of G and R 1 , and applies at all wavelengths. In other words, Poynting's vector at the cavity exit is always in the forward direction (that of the incident probe). This condition is solely a consequence of the scattering boundary conditions: the fact that the probe is incident from the left and there is no incoming wave from the right [ Fig We have confirmed these predictions in an integrated on-chip active semiconductor waveguide device with electrically driven optical gain in the C-band as illustrated in Fig. 2 (a) (Methods and Supplement 1 Section S1). The two waveguide facets provide
the waveguide length is L = 250 mm, the free spectral range is FSR ≈ 1.38 nm, and the finesse is F = 6.36 (quality factor is Q ≈ 3000; Supplement 1 Section S4). A broadband optical probe is coupled into the waveguide and both the reflected and transmitted spectra are monitored. We plot the spectral reflectance R tot (λ) in One may consider an alternative structure for a perfect transparent mirror: a gain layer followed by a partial mirror such that the gain compensates for the mirror leakage. An anti- To confirm our quantitative predictions regarding the behavior of a transparent perfect mirror with respect to its structural parameters, we construct an optical-fiber-based cavity in which all its degrees of freedom are accessible and readily tuned [ Fig. 3(a) ]. We ensure single-mode operation throughout, which allows us to obtain 'absolute' values of R tot without necessitating normalization resulting from coupling efficiencies, as in the first scheme [ First, constructing a cavity with R 1 = 18.5% and R 2 = 6.5% we confirm that the reflectivity indeed reaches unity at the predicted threshold of G P ≈ 6 dB [ Fig. 3(b) ]. Second, we find that this condition extends across most of the cavity bandwidth ∼ 2.5 nm [corresponding to 3000 FSRs; Fig. 3(c) ]. Third, we determine G P while varying R 2 for fixed R 1 = 18.5%, and we obtain the expected G P = 1/ √ R 2 dependence [ Fig. 3(d) ]. Finally, varying R 1 for fixed R 2 = 18.5% does not change G P [ Fig. 3(e) ]. T tot with G at λ = 1552 nm for R 1 = 18.5% and R 2 = 6.5%. Circles (R tot ) and squares (T tot ) are data points. The dashed curves are theoretical predictions for R tot and T tot after averaging over the cavity FSR, since the tunable optical probe bandwidth is FSR. The dotted curve is a theoretical prediction for R tot strictly on resonance. The two theoretical curves (dashed and dotted) for the reflection intersect at Poynting's threshold G = G p ≈ 6 dB (the green colored circular data point), whereupon R tot = 1. The optical probe is a tunable CW laser. (c) Measured spectral reflection at G = G p ≈ 6 dB for R 1 = 18.5% and R 2 = 6.5%. (d) Measured Poynting's threshold with R 2 at fixed R 1 = 18.5% and wavelength 1552 nm; the dashed curve is the theoretical prediction G P = 1/ √ R 2 . The inset shows the data on a log-log scale, with the data points lying on a line of slope −0.5. (e) Measured G P with R 1 at fixed R 2 = 18.5% and wavelength 1552 nm; the dashed curve is the theoretical prediction of a constant G P ≈ 3.7 dB. of noise in any active optical device, which contributes to the measured amplitude in both transmission and reflection. The ratio between the reflected probe and that of the ASE can be defined as the signal-to-noise ratio (S/N) relevant to this configuration, which may be used as a figure-of-merit for the device performance. For example, at Poynting's threshold the average ASE power of the device is -84 dBm according to We now address the issue of gain bandwidth in the transparent perfect mirror arrangement. The flatness of the spectral reflection is predicated on the flatness of the gain spectrum.
It is worth noting that amplified spontaneous emission (ASE) is an unavoidable source
The gain bandwidth of the active semiconductor waveguide is provided in Fig. S2a of the Supplementary, where there is less than 1 dB variation over a 10-nm bandwidth. The measured gain bandwidth of the fiber-based cavity system is provided in Fig. 2 of Ref.
where these is less than 2 dB variation in gain over a 40-nm bandwidth. In practical settings, one can benefit from well-established methods for gain equalization to produce a flat gain spectrum over large bandwidths.
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After demonstrating proof-of-principle realizations of a transparent perfect mirror, we consider the prospects of implementing such a concept in planar devices. A material with sufficient optical amplification is required. Currently available OLED materials do not provide high optical gain, 27 but two recently developed platforms appear particularly promising.
One option is quantum-dot films that provide high net optical gain coefficients g ≈ 650 cm −1 ;
G = e gd , where d is the gain medium thickness. 28 Such free-standing, chemically and mechanically robust films have been produced over areas on the order of squared-centimeters and thicknesses as high as 500 nm. With these parameters, a transparent perfect mirror with such an active layer requires a back-reflector with R 2 ≈ 93.7%. Another potential platform is perovskites 29 from which high-quality films of thickness 1 mm, 30 and gain coefficient g = 250 cm −1 , 31 have been reported, which requires R 2 ≈ 95.6%. Unwanted or spurious reflections from transmitted light can be eliminated using an isolator or polarization optics behind the mirror. 2 To avoid lasing in practical realizations, M 1 can be selected to be a low-reflectivity mirror, perhaps simply the Fresnel reflection from the gain medium. Both suggested materials provide large broadband optical gain. Specifically in the case of QD-doped polymer films, multiple QD species can be combined in the same film to produce broadband gain since we require only inhomogeneous broadening.
Two limitations of transparent perfect mirrors must be pointed out. First, in realizing this effect in a planar geometry, Poynting's threshold becomes dependent on polarization and incidence angle. We find that the transparent-perfect-mirror effect, however, degrades gracefully: considering an angular bandwidth of 20
• centered on normal incidence, a maximal reduction or increase in reflectivity of only ∼ 6.5% is observed (Supplement 1 Section S5).
Second, although flat spectral reflectivity is maintained over the gain bandwidth, observing the reflection of coherent pulses may reveal the cavity structure via its decay time. The effect is related to the transit time τ ∼ nL/c across the cavity. For the device used in Fig. 2 we have τ ≈ 3 ps. Therefore, an incident pulse whose width is on the order of 3 ps is deformed and distinct echoes can be observed in the time domain in the reflected signal at Poynting's threshold. An incident data stream at a rate of less than 100 Gb/s can be reflected without noticeable distortion. In the case of the planar realization suggested above where L ∼ 1 µm, we have τ ∼ 15 fs, thereby increasing the resources required to uncover the underlying structure of the perfect mirror in the time domain (see Supplement 1 Section S6 for a full analysis).
We have shown that an appropriately designed active optical cavity can be indistinguishable from a passive perfect mirror, but nevertheless transmits light. This compact single-port device can be used in camouflage and applications that demand privacy and security. Furthermore, this result hints at opportunities for invisibility by molding the flow of light in non-Hermitian structures that contain optical gain. Finally, since the device relies on coherent amplification, it would be interesting to investigate its impact on the incident photon statistics, 32 especially when non-classical states of light are utilized. More generally, the concept of Poynting's threshold is a universal wave phenomenon that can be exploited to create transparent perfect mirrors for microwaves, electronics, acoustics, phononics, and electron beams.
Methods
Chip Manufacturing. The chip manufacturing starts with epitaxial growth of the layered structure on an InP substrate. 33 We make use of the AlGaInAsP material system and design a separate confinement heterostructure with a multi-quantum well (MQW) active region. A ridge waveguide was manufactured using standard lithographic methods to define a 2-µm-wide ridge and etching through most of the upper cladding layer to ensure operation in a single spatial mode. Proper isolation and top electrical contacts Data-Fitting Procedure. We present here the data-fitting methodology used in Fig. 2(b,c) .
We first obtain an analytic expression for reflection from the symmetric Fabry-Pérot waveguide using the transfer-matrix method,
where T = 1 − R, ϕ = α 1 + α 2 + 2nkL, k = 2π λ , λ is the free-spacewavelength, L is the waveguide length, α 1 anda α 2 are the phases incurred upon reflection from the two facets.
The expression can be recast as follows:
where we have introduced fitting parameters p j (Supplement 1 Table S1 ). The last parameter is p 5 introduced as an overall normalization factor. Not all fitting parameters are independent. For example, p 1 and p 2 are readily related through equation 2, from which we obtain (1 − R)(1 − RG 2 ) = p 1 (1 − RG) 2 .
The procedure for fitting the transmission data T tot in Fig. 2(c) is similar. The model is based on an analytic expression for T tot (see Supplement 1 Table S2 for the fitting parameters): 
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